Quasicrystals / Thermoelectric properties / Microstructure / Spark Plasma Sintering (SPS) / Al--Pd--Re Abstract. We report the thermoelectric properties of poly-grain Al--Pd--Re icosahedral quasicrystals and discuss an effect of improvement of their microstructure. The improvement of microstructure by using Spark Plasma Sintering (SPS) method resulted into a large increase of the electrical conductivity but less increase of the thermal conductivity. The relative density dramatically increased up to more than 90% by SPS. On the other hand, the microstructure itself does not have critical influence on the Seebeck coefficient, which is found to be strongly correlated with e=a (sample's compositions). Consequently, the dimensionless figure of merit (ZT) increased three times from 0.05 to 0.15.
Introduction
Thermoelectric materials can be used to create devices, which generate power through the direct conversion of thermal to electrical energy. In recent years, there has been renewal of interest in the investigation of materials for practical use in automobiles or power plants. The potential of thermoelectric materials is determined by the dimensionless figure of merit, ZT ¼ S 2 sT/j, where S is the Seebeck coefficient, s is the electrical conductivity, j is the total thermal conductivity, and T is the temperature. To obtain a high ZT, the Seebeck coefficient and electrical conductivity should be large while the thermal conductivity should be low.
Some Al-based icosahedral quasicrystals such as Al--Pd--Mn [1] and Al--Pd--Re [2] exhibit semiconductor-like electron transport properties in spite of being composed of metallic elements, and they exhibit strong composition dependence of the electrical conductivity and its temperature coefficient. We have pointed out that not only the composition dependence but also the difference in the electrical properties between different alloy systems is related to the difference in the bonding nature of local atomic arrangements such as icosahedral clusters. In 1/1-Al(Mn, Re)Si approximant crystals, which possess icosahedral symmetric clusters called Mackay icosahedral (MI) clusters and exhibit quasicrystal-like electrical properties, the bond strength distributes widely from weak metallic to strong covalent bonds, and the intracluster bonds are stronger than the intercluster bonds [3, 4] . Al-based icosahedral quasicrystals have same structure unit, i.e., MI cluster. Because of the bonding natures mentioned above, Al-based icosahedral quasicrystals are considered to exhibit intermediate states among metals, semiconductors, and molecular solids. Both s and S are rather large because the quasicrystals are basically metallic alloys and have semiconductor-like properties. The magnitude of j in these materials is comparable to that of a glass, exhibiting room-temperature magnitudes of 1-2 (W/m K). Thus, Albased icosahedral quasicrystals are expected to be good thermoelectric materials.
Al--Pd--Re icosahedral quasicrystals exhibit the highest electrical resistivity among all icosahedral phases [5] [6] [7] [8] .
In general, an arc-melted and annealed button is highly porous [9] , and thus it has anisotropy, which directly affects the electrical and thermal conductivity [10] . Recently, Dolinšek et al. reported the extrinsic origin of the insulating behavior of poly-grain Al--Pd--Re quasicrystals from the comparison poly-grain with mono-crystalline samples [11] . The room temperature (RT) resistivity and Seebeck coefficient of poly-grain Al 70.5 Pd 21 Re 8.5 (nominal composition) quasicrystal amount to q 300 K ¼ 19.9 (mW cm) and S 300 K ¼ 84 (mV/K), whereas the magnitude of RT resistivity and Seebeck coefficient of monocrystalline Al 73.5 Pd 17.1 Re 9.4 quasicrystal amount to q 300 K ¼ 1.9 (mW cm) and S 300 K ¼ À7 (mV/K), respectively. They stated that poly-grain and mono-crystalline Al--Pd--Re quasicrystals appear profoundly different, based on the electrical resistivity and Seebeck coefficient measurements. As for the large difference of RT electrical resistivity between poly-grain and mono-crystalline Al--Pd--Re quasicrystals, the morphology of the samples will have critical influence on their transport properties. Rodmar et al. [12] reported the theories for conduction in inhomogeneous media. The estimated volume of voids of 30% gave a reduction of conductivity of about 50%. On the other hand, the Seebeck coefficient of poly-grain samples exhibits strong composition dependence, as previously reported by Kirihara and Kimura [2] . They examined the e=a (the average valence electron number per atom) dependence of the Seebeck coefficient of various compositions of poly-grain Al--Pd--Re quasicrystals. The rapid increase of the Seebeck coefficient with decreasing e=a (increasing Pd or Re concentrations) in the range from 1.86 to 1.80 (calculated from nominal compositions) was observed. This indicates that the Seebeck coefficient is governed by local electronic structure near the Fermi level. Therefore, the distinct difference of the Seebeck coefficient between the above two samples [11] , poly-grain Al 70.5 Pd 21 Re 8.5 (e=a $ 1.80) and mono-crystalline Al 73.5 Pd 17.1 Re 9.4 (e=a $ 1.86) quasicrystals, is likely to be explained by such composition deviations.
To examine the intrinsic electrical and thermal transport properties of poly-grain Al--Pd--Re quasicrystals in detail, it is necessary to exclude the extrinsic factors such as pores and cracks. In this paper, we report the thermoelectric properties of poly-grain Al--Pd--Re icosahedral quasicrystal and discuss an effect of improvement of its microstructure by using Spark Plasma Sintering (SPS) method. We selected the nominal composition, Al 71 Pd 20 Re 9 (e=a $ 1.80), which shows the highest power factor (S 2 s) in various compositions of poly-grain Al--Pd--Re quasicrystals.
Experimental
Al 71 Pd 20 Re 9 mother ingots were synthesized by the conventional arc-melting technique under a purified argon atmosphere [$40 (cm Hg)]. The arc-melted buttons were annealed at 1223 K for 24 h, and then quenched in water [sample (A)]. The bulk was crushed with an average particle size of about 45 mm. The powder was placed in a carbon die with a diameter of 10 mm for SPS processing on SPS SYNTEX INC. (DR. SINTER. LAB., SPS-515S). The temperature of the specimen was increased from ambient temperature to 873 K for 5 min, and from 873 K to the consolidating temperature of 1223 K for 5 min, and then the consolidating temperature was held for 10-15 min. A pressure of 4.5 kN was applied during the heating and the cooling of the specimen. After the SPS treatment, the specimens were cooled to ambient temperature under a vacuum without applying pressure. The synthesized bulk samples are listed in Table 1 . The difference between sample (B) and (C) is due to the marginal deviations of the consolidating temperature. The characterization of the samples was performed by power X-ray diffraction (XRD) measurements with CuK a radiation. The local composition was examined by electron probe microanalysis (EPMA).
Measurements of the Seebeck coefficient, electrical conductivity, and thermal conductivity were carried out for all samples ( Table 1 ). The electrical conductivity and Seebeck coefficient were measured in a helium atmosphere at temperatures between 373 and 973 K by the four-probe method and steady-state temperature gradient method, respectively. The thermal conductivity was obtained by measuring the density, specific heat and thermal diffusivity from 373 to 973 K by using the laser flash method. The overall base temperature is stabilized to AE0.2 K. The mass density was measured by a pycnometer using the helium displacement technique. . The microstructure of annealed Al--Pd--Re quasicrystals is highly porous and contains a lot of cracks, same as previously reported papers [2, [11] [12] [13] [14] , and the relative density is low ($65%). We successfully improved the microstruc-80 Y. Takagiwa, T. Kamimura, S. Hosoi et al. Figure 2 shows XRD patterns of the synthesized Al 71 Pd 20 Re 9 quasicrystals. After SPS treatment, small amounts of a secondary phase, Al 11 Re 4 , were confirmed from EPMA (Fig. 1, white areas) and XRD measurements. The amount of secondary phase is roughly estimated from an image analysis, and its value is about 9%. This secondary phase of Al 11 Re 4 may affect the electrical and thermal transport properties of the Al--Pd--Re quasicrystals. The values of electrical conductivity for Al 11 Re 4 are approximately s 373 K $ 600 (W cm) À1 and s 873 K $ 300 (W cm) À1 and exhibits negative temperature dependence [2] . Above 500 K, the observed electrical conductivity is larger than that of Al 11 Re 4 crystalline as described in the next paragraph. An effect of a secondary phase of Al 11 Re 4 on thermoelectric properties, therefore, is considered to be negligible. Figure 3 shows the temperature dependence of the electrical conductivity, s, for the Al 71 Pd 20 Re 9 quasicrystals before and after SPS treatment. s monotonically increases with increasing temperature for all samples. This nonmetallic behavior is in agreement with the previous results for the poly-grain and mono-crystalline Al--Pd--Re quasicrystals [2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The s increases with increasing the relative density. The sample (A) after heat treatment contains a lot of cracks and pores, thus the s should decrease. In fact, quite low s [$100 (W cm) À1 ] at 373 K was observed. After SPS treatment, the s dramatically increases about five times, $500 (W cm)
Results and discussions
À1 at 373 K. The electrical resistivity of the samples (B) or (C) ranges 2.2-2.3 (mW cm) at 373 K, which is comparable with the mono-crystalline phase [11, [15] [16] . On the other hand, the temperature coefficient of the s was basically unchanged. Figure 4 shows the temperature dependence of the Seebeck coefficient, S, for the Al 71 Pd 20 Re 9 quasicrystals before and after SPS treatment. The magnitude of S is almost same for all samples, which is reasonable result Thermoelectric properties of Al--Pd--Re quasicrystal sintered by SPS 5 . e=a (the average valence electron number per atom) dependence of Seebeck coefficient at $500 K, S 500K , of poly-grain Al--Pd--Re [2] and Al--Pd--Mn quasicrystals. The data (*) of polygrain and mono-crystalline Al--Pd--Re quasicrystals in [11] are also plotted.
considering from the fact that the local composition was not changed by SPS treatment. These results make it clear that the microstructure itself does not have critical influence on the magnitude and temperature coefficient of the S, but sample's composition is much more critical as described in next paragraph. Figure 5 shows the e=a dependence of the S at $500 K for various compositions of poly-grain Al--Pd--Re quasicrystals [2] and poly-grain Al--Pd--Mn quasicrystals. The data of poly-grain and mono-crystalline Al--Pd--Re quasicrystals in [11] are also plotted. We calculated the e=a values from nominal compositions by using the following number of valence electrons, +3 (Al), 0 (Pd), and À3.66 (Re, Mn), respectively. From this figure, the S is strongly correlated with e=a (sample's compositions), indicating that the sample's microstructure (between poly-grain and mono-crystalline phase) does not have critical influence on the magnitude of S.
The Total thermal conductivities, j total , as a function of temperature are presented in Fig. 6(a) . The phonon thermal conductivity, j phonon , after subtracting electronic contribution according to the Wiedemann-Franz law is presented in Fig 6(b) , together with the minimum lattice thermal conductivity, j min , which is used for the calculation of the phonon thermal conductivity of disordered crystalline and amorphous solids. This model was proposed by Cahill et al. and provides a lower limit of phonon thermal conductivity [18] . The j total of all samples reveals monotonic increase with increasing temperature. The positive temperature coefficient of the j total in the entire range above room temperature is in agreement with our previous results [2, 10, 17] . The magnitude of j total of all samples is low corresponding to those of non-crystalline solids such as SiO 2 glass. We found that the j total increases with increasing the relative density. The sample (C), which is the highest relative density ($100%), shows the j total ¼ 1.60 (W/m K) which is less than three times to the sample (A). From Fig. 6(b) , we also found that the j phonon decreases to the j min , $0.7 (W/m K) [2] , up to 10% of pores, indicating that more than 10% of pores does not have critical influence on the magnitude of j phonon .
Using the above thermoelectric parameters, the dimensionless figure of merit, ZT, was estimated, as shown in 
Conclusions
We synthesized the sintered bulk sample by using Spark Plasma Sintering (SPS) method. The relative density dramatically increased up to more than 90% by SPS treatment. The improvement of microstructure resulted into a large increase of the electrical conductivity but less increase of the thermal conductivity. Compared with the mono-crystalline phase, there is no significant difference in the electrical resistivity. Also, we found that the Seebeck coefficient is strongly correlated with e=a (sample's compositions), indicating that the sample's microstructure (between poly-grain and mono-crystalline phase) does not have critical influence on the magnitude of Seebeck coefficient. Consequently, the dimensionless figure of merit (ZT) increased three times from 0.05 to 0.15 by SPS treatment. 
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